Objective: The transcription factors GATA-1 and GATA-4 have been implicated in the regulation of testicular development and function. Their cofactors FOG-1 and FOG-2 are expressed in the gonads, but their cell-specific and developmental expression in the testis remains unresolved. Therefore, we analyzed GATA-1, GATA-4, FOG-1 and FOG-2 expression in detail, from undifferentiated male urogenital ridge to adult testis. Methods: Immunohistochemistry and in situ hybridization were applied on mouse testicular samples. Results: GATA-4 and FOG-2, but not GATA-1 or FOG-1, were expressed as early as in the male urogenital ridge. FOG-2 expression was localized in the Sertoli cells at embryonal day 12.5 (E12.5), but it diminished with advancing fetal testicular development. In E17.5 testis, FOG-2 was present only in the testicular capsule and a subset of fetal Leydig cells. FOG-1 was expressed from E15.5 Sertoli cells onwards, whereas GATA-1 was not detected during the fetal period at all. In the postnatal testis, FOG-2 was abundantly expressed immediately after birth, but in adult testis its expression was predominantly restricted to stage VII -XII seminiferous tubules. Stage specificity was also found for FOG-1, which, similarly to GATA-1, was abundantly expressed in stage VII -XII tubules during adulthood. Conclusions: Our results indicate that FOG-2, in addition to GATA-4, has a role in early gonadal development and sexual differentiation, and FOG-1 at later fetal stages, while GATA-1 executes its action postnatally. The findings suggest that, in contrast to the hematopoietic system and the heart, GATA-1 and GATA-4 do not use FOG-1 and FOG-2 respectively as their only cofactors during the early stages of testicular development.
Introduction
Members of the GATA transcription factor family are conserved through evolution in different species. Growing evidence suggests that they have important roles in the differentiation and development of several tissues, from phylogenetically low species to mammals. GATA proteins can be divided into two subgroups based on their structural homology and tissue distribution, although these subgroups also show overlapping expression in some organs. The members of the hematopoietic subgroup, GATA-1, GATA-2 and GATA-3 have well-established roles in the regulation of erythropoiesis, megakaryopoiesis and T cell differentiation (1 -3) . Members of the other subfamily, including GATA-4, GATA-5 and GATA-6, are expressed in the heart, gut epithelium, yolk sac endoderm, gonads and in a number of other tissues (4 -8) .
GATA-1, the founding member of GATA factors, is expressed in mouse testicular Sertoli cells from postnatal day 7 onwards (9) . Later in development it is expressed only in adult Sertoli cells of stage VII -IX seminiferous tubules. GATA-1 has been shown to transactivate inhibin-a and inhibin/activin b-B-subunit genes in vitro (10, 11) , indicating an important role for it in regulating testicular function. It is also a potential repressor of Mü llerian inhibiting substance (MIS) expression during the fetal period as well as in puberty in the mouse (12) .
Of GATA factors, the role of GATA-4 in sexual differentiation and gonadal development has been studied most intensively. GATA-4 is expressed in somatic cell lineages both in the testis and the ovary, and it has been suggested to be an important regulator of gonadal gene expression (13 -16) . Accordingly, it is a potent transactivator of several testicular genes, including those for MIS (14, 17, 18) , inhibin-a (15), steroidogenic acute regulatory protein (19) , aromatase (20, 21) and steroidogenic factor-1 (SF-1) (21) .
The multitype zinc finger proteins FOG-1 (22) and FOG-2 (23, 24) have been shown to modulate the transcriptional activity of GATA factors. They either activate or inhibit the functions of GATA proteins in a tissue-and cell-specific manner (22, 24 -28) . FOG-1 and FOG-2 also act through GATA-independent mechanisms and can replace each other's functions, at least in certain situations (23, 29) . Based on the results of gene disruption studies, FOG-1 seems to be essential for normal erythropoiesis and megakaryopoiesis, whereas FOG-2 is needed for proper heart morphogenesis and coronary vessel development (29 -31) .
Northern blot analysis has revealed that FOG-1 and FOG-2 are expressed in the adult testis (22 -24) . In addition, neonatal rat primary Sertoli cells express FOG-2, as studied by RT-PCR (32) . Based on the results of studies on the hematopoietic system and heart morphogenesis, GATA and FOG proteins can also be anticipated to co-operate in other organs such as the gonads. This is also suggested by the results of a recent study indicating a role for FOG-2 in the control of MIS expression in postnatal Sertoli cells (32) .
Thus far, only very little is known about the cellspecific expression and regulation of FOG-1 and FOG-2 in the testis. Neither have the expression patterns of GATA-1 and GATA-4 been evaluated in the earliest stages of gonadal development. Knowledge of their precise cellular and developmental expression is, however, important for understanding of the biological significance of gonadal GATA and FOG proteins, whose interaction in vitro has been demonstrated. We therefore explored in detail the temporal and spatial testicular expression patterns of GATA-1 and GATA-4, as well as those of their cofactors FOG-1 and FOG-2, from the early embryonic period to adulthood in mice.
Materials and methods

Animals
Mouse embryos, fetal and postnatal testes were obtained by mating CBA or NMRI mice. For estimating embryonal age, noon of the day on which the copulating plug was found was considered as embryonal day (E) 0.5. Precise staging of dissected embryos was performed using The Atlas of Mouse Development (33) . PCR analysis (34) of the SRY gene in genomic DNA was conducted in order to determine the sex of 10-and 12-day embryos. Animal studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Immunohistochemistry
Testicular samples were fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections (6 -8 mm) were subjected to immunohistochemistry using commercial rat monoclonal antimouse GATA-1 IgG (no. sc-265; Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat polyclonal antimouse GATA-4 IgG (no. sc-1237; Santa Cruz Biotechnology), goat polyclonal antimouse FOG-1 (no. sc-9361; Santa Cruz Biotechnology), rabbit polyclonal antimouse FOG-2 (no. sc-10755; Santa Cruz Biotechnology) or non-immune IgG or secondary antibodies as the primary antibody. Antibodies were used at 1:200 -1:500 dilution. An avidin-biotin immunoperoxidase system was used to visualize bound antibody (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA, USA), 3,3 0 -diaminobenzidine (Sigma Chemicals, St Louis, MO, USA) was used as the chromogen and the development reaction occurred in the presence of 0.03% H 2 0 2 . Samples were analyzed by light and phase contrast microscopy (Leica DMRXA microscope; Leica AG, Heerbrugg, Switzerland).
In situ hybridization
Mouse embryos or dissected tissue were washed briefly in phosphate-buffered saline (PBS) and then fixed in 4% paraformaldehyde in PBS and subjected to in situ hybridization as previously described (35) . Tissue sections (8 -10 mm) were incubated with 1 £ 10 6 c:p:m: of [ 33 P]-labeled antisense or sense riboprobe (1000 -3000 Ci/mmol; Amersham Life Technologies, Arlington Heights, IL, USA) in a total volume of 80 ml. The riboprobe for FOG-2 was prepared from an 800 bp BamH1 -Kpn1 fragment subcloned from the pCS2 þ 2FOG-2 full-length expression vector (23) . The expression pattern for FOG-2 was studied on adjacent tissue sections whenever possible in immunohistochemistry and in situ hybridization. The results were further confirmed by performing control in situ hybridization experiments with appropriate sense riboprobes. In situ hybridization and immunohistochemical studies were repeated at least three times using embryos/testes from at least three animals.
Results
FOG-1, but not GATA-1, is expressed in late fetal testis
Neither GATA-1 nor FOG-1 proteins were present in the E10.5 male urogenital ridge or in E12.5 or E13.5 testis (Fig. 1 , data shown for E10.5). After complete gonadal differentiation, FOG-1 protein was evident in the testicular cords in E15.5 and E17.5 testis ( Fig. 1 and data not shown). It was present only in the nuclei of Sertoli cells, while gonocytes remained FOG-1 negative. Neither Leydig cell precursors nor other interstitial cells expressed FOG-1 ( Table 1 ). Figure 1 Immunohistochemistry of GATA-1, FOG-1, GATA-4 and FOG-2 in E10.5 male mouse urogenital ridge (UGR) and E15.5 testis. GATA-1 (A) and FOG-1 (C) were not expressed in the urogenital ridge, whereas GATA-4 (E) and FOG-2 (G) were abundantly expressed at that stage of gonadal development. In E15.5 testis, FOG-1 (D) and GATA-4 (F) were co-expressed in the Sertoli cells. In E15.5 testis, FOG-2 (H) was expressed in the testicular capsule and in a subset of interstitial cells. Some of the Sertoli cells were still weakly positive for FOG-2. Original magnification £ 200; bar ¼ 50 mm. Arrowheads, urogenital ridge; Se, Sertoli cell.
GATA-4 and FOG-2 are expressed as early as in the urogenital ridge GATA-4 and FOG-2 mRNAs and proteins were detected in the urogenital ridge of E10.5 male embryos (Fig. 1) . However, a small proportion of the urogenital ridge cells were GATA-4 and/or FOG-2 negative. GATA-4 expression was obvious through fetal testicular development (E12.5, E13.5, E15.5 and E17.5) and was localized in the Sertoli and Leydig cells and tunica albuginea (Fig. 1, data (Fig. 3) . From postnatal day (P) 7 onwards FOG-1 expression in the testis was similar to that previously described for GATA-1 (Fig. 2) . A striking difference was detected in the staining intensities of GATA-1 and FOG-1 between Sertoli cells of stage VII -XII tubules compared with Sertoli cells in the other stages. However, Sertoli cells of stage II -VI seminiferous tubules expressed GATA-1 and FOG-1 protein, though the intensity was much lower than in Sertoli cells of stage VII -XII seminiferous tubules (Fig. 3) . Table 1 Expression of GATA-1, GATA-4, FOG-1 and FOG-2 during testicular development. FOG-2 is expressed in the postnatal testis in a stage-specific manner
As judged by in situ hybridization, FOG-2 mRNA was abundantly expressed in the newborn mouse testis, and the results remained positive throughout postnatal testicular development (P7, P14, P25, P60) (Fig. 4) . The first signs of stage-specific FOG-2 mRNA expression were seen along with advancing spermatogenesis in P25 testis, when clear variability in signal intensity was seen between different tubules (data not shown).
In adult testis, stage VII -XII tubules were positive for FOG-2 mRNA and in the other stages the signal was very weak (Fig. 4) .
Using in situ hybridization, it is not possible to determine the specific cell types expressing FOG-2 in newborn, P7 and P14 testis due to limitations in the resolution of this method. However, testicular growth and development enhance the resolution and allow us to conclude that, in day-25 testis, FOG-2 transcripts are localized mainly in the germ cells (data not shown). We could not exclude the possibility that some of the Sertoli cells were also positive at this age. In contrast, interstitial cells were FOG-2 negative at P25. In P60 testis, the spermatogenic stage specificity of FOG-2 expression in the germ cells of seminiferous tubules was clearly evident. FOG-2 mRNA transcripts were present in late stage VII seminiferous tubules in mid-pachytene spermatocytes. The signal was most intense from early mid-pachytene to late diplotene spermatocytes in stage VIII-XII tubules and it was present until step 9 spermatids. The Sertoli and Leydig cells remained negative for FOG-2 mRNA in the adult testis.
FOG-2 protein was localized in the Sertoli cells in the testes of newborn, and 7-and 14-day-old mice (Fig. 5) . Cells of the tunica albuginea, and interstitial cells, presumably Leydig cells, were also FOG-2 positive at this stage. In the newborn mouse testis, some of the gonocytes showed FOG-2 immunoreactivity, but it disappeared during the first week of testicular development. Surprisingly, from P25 onwards FOG-2 protein was no longer detected in Sertoli cells, and the number of FOG-2-positive Leydig cells also decreased remarkably. In the seminiferous tubules, only the nuclei of round spermatids were FOG-2 positive. In GATA-4 is expressed in somatic testicular cells from fetal to adult age GATA-4 protein was present in the somatic cells, i.e. Sertoli and Leydig cells, throughout testicular development (Figs. 1 and 5 ), but it was not detected in any type of germ cell at any fetal or postnatal age studied. In the adult mouse testis, GATA-4 protein was evenly expressed in the Sertoli cells at different stages of the seminiferous tubules.
Discussion
GATA-1 and GATA-4 have been suggested to be important in the regulation of gonadal development and function. Recent studies have shown that FOG-1 and FOG-2 modulate the transcriptional activity of GATA proteins in a tissue-and cell-specific manner in vitro and in vivo. However, virtually nothing is known of the interactions of GATA and FOG proteins in the testis. Furthermore, cell-specific FOG-1 and FOG-2 expression in the testis has not been described. In this work, we investigated the developmental expression patterns of FOG-1 and FOG-2 in the mouse testis, as well as the expression of GATA-1 and GATA-4 during the earliest stages of testicular development.
Importantly, GATA-4 and FOG-2 were co-expressed as early as in the E10.5 urogenital ridge of male embryos, before testicular cords have formed. This further underlines the importance of GATA-4 in early testicular development, and also indicates a role for FOG-2 in the earliest steps of gonadal development. The expression of these factors overlaps with that of several key regulators of gonadal development and sexual differentiation. GATA-4 and FOG-2 are expressed just before SRY, SOX-9, MIS and DAX-1, which thus execute their actions after GATA-4 and FOG-2 have appeared in the developing gonad. Furthermore, Wilms' tumor 1 and SF-1 are expressed simultaneously with GATA-4 and FOG-2 as early as in the E10.5 urogenital ridge. Of interest, GATA-4 interacts with SF-1 to regulate MIS expression (17) , and FOG-2 has been proposed to have a role in this process during the postnatal period (32) .
In the present and previous studies, GATA-1 has not been found before postnatal ages (9) . However, in the present work we show that FOG-1 protein is expressed in E15.5 testis, co-localizing with GATA-4 in the Sertoli cells. Therefore, it is plausible to presume that FOG-1 interacts with GATA-4 during fetal testicular development and modifies the effects of GATA-4 on its target genes. We have previously reported that GATA-4 activates the inhibin-a promoter in Leydig and granulosa cell lines (15) . Of interest, inhibin-a is first seen in fetal testis at E16 (36) , thus coinciding with the appearance of FOG-1 expression. However, further studies, including transactivation experiments, are needed to evaluate whether or not FOG-1 acts as GATA-4's cofactor in the regulation of inhibin-a gene expression in the fetal testis.
FOG-1 has a well-established role as a cofactor for GATA-1 in the hematopoietic system (26, 29, 37) . FOG-1 is also a potent cofactor for GATA-1 in the postnatal testis. In early postnatal Sertoli cells, FOG-1 expression coincides with that of GATA-1 from the appearance of the first wave of spermatogenesis. Later on, the number of FOG-1-and GATA-1-positive Sertoli cells declines, and in adult seminiferous tubules these factors are predominantly expressed in stage VII -XII tubules. Thus, FOG-1 could well act as a GATA-1 cofactor during postnatal testicular development. This proposal is supported by the results of a previous study demonstrating that GATA-1 transactivates the inhibin/ activin b-B-subunit gene (11) . FOG-1 might well act as a GATA-1 repressor in its action on the inhibin/ activin b-B-subunit, since the expression of this gene is lowest in Sertoli cells at stages VII -XII of the seminiferous epithelial cycle (38) . It is of interest to note that not only GATA-1 but also GATA-4 have been shown to transactivate the inhibin/activin b-B-subunit gene in Sertoli and Leydig cell lines (11) . Co-transfection with GATA-1 and GATA-4 transactivated the inhibin/activin b-B-subunit promoter more than either of them alone. Based on the FOG-1 expression described in this study and the results of previous cotransfection studies on the same promoter (11), we propose that FOG-1 may interact with either GATA-1 or GATA-4 in regulating this gene in the testis.
Two earlier studies have indicated that GATA-4 protein is expressed not only in Sertoli and Leydig cells but also in germ cells in the postnatal mouse as well as fetal and prepubertal human testis (14, 15) . In the present study, we did not, however, detect GATA-4 protein in any types of germ cell at any stage of testicular development. The present results are in line with our previous findings on GATA-4 mRNA and protein expression in adult mouse, rat and human testis (15, 16) . The reason for these contradictory results on GATA-4 Sertoli and germ cell expression remains unclear. The use of different mouse strains and a slightly different immunohistochemical method, including fixation and antigen retrieval, might in part explain these differences. The cell identification has been based on morphological features only in these studies, and distinction between Sertoli cells and germ cells is not always clear. Whether there are also species-specific differences in the testicular GATA-4 expression remains to be confirmed. Nevertheless, abundant GATA-4 expression in Sertoli and Leydig cells further suggests that this transcription factor also has an important role in the somatic cells of the postnatal testis.
In the newborn mouse testis, FOG-2 is expressed in the Sertoli and Leydig cells, as well as in the testicular capsule. There is a profound change in FOG-2 expression along with advancing spermatogenesis. Namely, somatic cells cease to express FOG-2 in the adult testis. In contrast, FOG-2 is expressed in midpachytene spermatocytes to step 9 spermatids, especially in stage VIII-XII seminiferous tubules. At this point transcriptional activity ceases almost completely. Therefore, it is logical to assume that the transcriptional machinery is downregulated. FOG-2 expression in Sertoli cells is highest during the proliferative phase of these cells, and it ceases during the third postnatal week, when terminal differentiation of Sertoli cells occurs. Proliferating Sertoli cells abundantly express GATA-4 according to earlier studies (15, 16) . Of interest, some of the gonocytes of newborn mice expressed FOG-2 protein, but at day 7 all spermatogonia were devoid of FOG-2. Furthermore, FOG-2 is expressed in maturing, but not in fully differentiated adult Leydig cells.
Due to the descriptive nature of this study, it is not possible to make conclusions as to the definitive interactions among various developmental factors. However, on the basis of the data presented here and in earlier transactivation studies, we propose that GATA-1, GATA-4, FOG-1 and FOG-2 have important roles in regulating gonadal development and function. Their expression patterns partially overlap, suggesting both common and differential roles in the murine testis. The findings also suggest that, in contrast to the hematopoietic system and heart, GATA-1 and GATA-4 do not use FOG-1 and FOG-2, respectively, as their only cofactors during the early stages of testicular development.
